Abstract Effects of vibrating structure on the free-field motion are presented through a field experiment at the Euro-Seistest and a corresponding numerical simulation. Ground motion has been recorded by a dense temporary three-component (3C), two-dimensional (2D) seismic network installed at increasing distances from a model building forced into vibration by pull-out tests. The building is a five-story RC structure at a one-third scale, resting on the soil through surface square footing. A traction force, F 0 , applied at the building top and suddenly released forced it into vibrations. Two sequences of a pull-out test (POT) have been performed, each one made of two vibration tests in the two horizontal directions of the building (longitudinal and transverse).
Introduction
The effects of soil-structure interaction (SSI) have been analyzed for a very long time in order to study the seismic behavior of civil engineering structures and to assess the potential damage to the structures themselves in case of a strong or moderate seismic event. For example, Merrit and Housner (1954) showed with a simple numerical model that the fundamental frequency of a building resting on soft soil might be lowered. This phenomenon has received numerous experimental evidences, as for instance the measured shift of fundamental frequency from the fixed-base, f l , to the flexible-base, f s , structure (Jennings and Bielak, 1968; Stewart et al., 1999a) , or the significant part of rocking motion in recorded building motion (Bard, 1988; Bard et al., 1992) , also supported by numerical computations (Paolucci, 1993; Guéguen, 1995; Bard et al., 1996; Stewart et al., 1999a) considering the effects of soil and building characteristics (e.g., shear-wave velocity, building mass, footing radius . . . ) on building behavior. On the other hand, the scattering of incident waves from the foundation has been studied through experimental approaches (Lee et al., 1982; Moslem and Trifunac, 1987) and by simple analytical models (Trifunac, 1972; Wong and Trifunac, 1975) . The conclusion was that this aspect of SSI might contribute to modification and amplification of recorded motions near the foundations of large buildings and also contribute in such case to modify the response of neighboring buildings (Wong and Trifunac, 1975) .
Furthermore, it is also known that the dissipation of the building vibration energy takes place essentially through the soil-foundation contact by producing a wave field that is radiated back into the ground. Such assertion has been reported by Jennings (1970) during vibration tests of the Millikan Library, a nine-story building on Caltech campus: an induced horizontal ground motion was recorded by seismographs located at distances up to 6 km from the building. A station at around 13 km also simultaneously recorded the vertical ground motion (around 0.02‰ of the initial motion at building top), showing that the surrounding as well as the distant free-field motion could be influenced by the multistory building motion. Kanamori et al. (1991) firmed this assertion in southern California. They attributed the origin of a pulse recorded on seismic stations to a seismic P wave generated by the motion of high-rise buildings in downtown Los Angeles, which had themselves been excited by the shock wave produced by the re-entry into the atmosphere of the Columbia space shuttle.
Related (although somewhat different) observations have also been reported in Sweden (Erlingsson and Bodare, 1996) during two rock music concerts in the Ullevi stadium. Considerable vibrations of the ground and of the structure have been felt when the large audience at the outdoor stadium started to jump in phase with the music. These effects have been explained by the presence underneath the stadium of a soft clay deposit having a fundamental frequency close to the "jumping" frequency. The vibrations were then transmitted to the superstructure through piles foundation and produced strongly felt motion because the fundamental frequency of the superstructure was close to those of the beat.
Oscillating structure effects on the surrounding freefield motion have also been evaluated by recent numerical studies carried out by Guéguen (1995) , Wirgin and Bard (1996) , and Bard et al. (1996) using 2D and/or 3D simplified models. Nonnegligible modifications of the free-field motion, due to large-building vibrations effects, have been computed at distances up to several hundred meters from the building base in the case of very soft soil. However, the practical reliability of these numerical results is still unknown because of the lack of appropriate experimental results: the part of SSI energy in the ground motion is generally shrouded in the incident wave field, stacked to the radiated motion from the multitude of close buildings.
To fully evaluate the effects of SSI on recorded freefield motion, both scattering of incident waves from the foundation and wave field radiated back into the half-space, in relation with building response have then to be considered. Nevertheless, the present article focuses only on the latter aspect of the SSI phenomenon.
The Volvi test site (Euro-Seistest, 1995) , located on the Volvi sedimentary basin near Thessaloniki (Greece), provided an ideal framework for these investigations. A multistory RC-structure model with surface square foundation (Manos et al., 1995) has been erected at a one-third scale. Moreover, comprehensive geophysical and geotechnical surveys led to a detailed knowledge of the geotechnical and structural characteristics of the soil (Euro-Seistest, 1995) .
In order to study the effects of the structure on the freefield motion, a field experiment has thus been performed, which consisted of installing a series of 3C seismic stations in the immediate vicinity of the structure. The motion induced by building free oscillations, resulting from a pull-out test (POT), were then recorded at the free-field ground surface in the three main directions of the structure (longitudinal, transverse, and vertical) . A numerical computation has also been done, which consisted of comparing the soilbuilding system to a three degree of freedom model (3DOF) and in computing the induced radiated wavefield at increasing distances from the building.
This article successively presents the experimental observations, the numerical model, the resulting computation, and their comparison with observed data.
Experimental Results

The Experiment
Since 1993, a European test site for engineering seismology, earthquake engineering, and seismology (EuroSeistest, 1995) has been set up in the Volvi sedimentary basin, near Thessaloniki (Greece). One goal of the EuroSeistest project was the construction of a multistory structure model at a one-third scale (3.5 ‫ן‬ 3.5 ‫ן‬ 5.4 m) in order to investigate its behavior under loading. It consists of a RC frame, with masonry infill panels, resting on surface square footing (0.40 m thick) (Fig. 1a) . Detailed information about The distance corresponds to the distance of the sensors from the building base edge.
the material and the construction sequences are shown in the final scientific report (Euro-Seistest, 1995; Manos et al., 1995) . It was densely instrumented with accelerometers in order to record and to analyze its seismic behavior in case of a strong or moderate seismic event. The seismic instrumentation consisted of a series of permanent accelerometer sensors placed at each story (Euro-Seistest, 1995) . To analyze its vibration characteristics at low strains, the RC model was forced into vibration by POT sequences, performed by a traction force, F 0 , applied at the top of the RC structure through a steel cable anchored at nearby ground point, located at 10.4 and 8.5 m from the building base for the POT performed in the L and the T direction, respectively (Fig.  1b) . After being prestressed, the cable was suddenly released and the free vibrations of the structure were recorded. Detailed results about first studies are shown in the final scientific report (Euro-Seistest, 1995; Manos et al., 1995) . With respect to these early tests, the model building has been slightly modified to simulate a sixth story. An added mass was installed over the building top, made of six concrete girders with the support of four steel columns in order to simulate the mass and the position of the sixth story (Fig.  1a) . The total building-footing system height, h, is then modified from 5.4 m to 6.4 m. But the anchoring point at the building top was not changed. In order to record the ground motion induced by structure vibrations, a dense temporary survey made of 21 threecomponent seismic stations (Table 1) has been installed in the close vicinity of the RC structure (Fig. 2 ).
1. 14 Reftek stations along the longitudinal axis (SeL), connected to one CMG5 accelerometer (Guralp products), four 2.0-Hz L22 sensors (Mark products), and nine 0.05 Hz broadband CMG40 sensors (Guralp products) 2. Five Lennartz stations along the transverse axis (SeT) connected to 1.0-Hz Lennartz sensors (LE01); 3. Two Lennartz stations along the diagonal direction (SeD) connected to one 1.0-Hz (LE01) and one 0.2-Hz (LE02) Lennartz sensors.
All the sensors have been oriented according to the main directions of the RC building ( Fig. 2) : the longitudinal component is oriented positive outward from the building (i.e., east direction), the transverse component is 90Њ counterclockwise from the longitudinal (i.e., north direction), and the vertical component is positive in the upward direction. Two testing sequences have been performed; both consisted in two POT along the T (POT-T) and the L (POT-L) directions, respectively. The sensor position spread along the L axis changed between sequence 1 and 2, as shown in Table 1 . The TST11 station (Fig. 2) has been installed at the upper left corner of the basement in order to know the base motion induced by the amplitude value F 0 of the traction force.
Time Domain Traces
About 80% and 90% of SeL stations, 60% and 70% of SeT stations, and 75% and 100% of SeD stations worked during the sequences 1 and 2, respectively. For sake of simplicity, only the free-field velocities recorded during one POT in each direction are shown (Fig. 3) . In the following, each trace is referred by the index of the recorded component of the motion, the axis of the station spreading, and the direction of the POT (e.g., the ZLT component corresponds to the Z component of the SeL stations during POT-T). Because of the high noise due to the bad atmospheric conditions, the traces have been filtered in the 1-10 Hz range with a butterworth filter, given in time a high signal-to-noise ratio. All the traces have been normalized with respect to the highest velocity of each series of components, except for the TST11 station. The maximal velocity (in mm/sec) is indicated at the upper right side of each trace (Fig. 3) .
Two kind of traces are observed in Figure 3 , depending on the observed component with respect to the POT direction, and showing the symmetry of the experimental data, obtained by permutation of the T and L index: (1) a continuous time decrease of the ground motion for the LLL, ZLL, and LTL components, as well as for the symmetrical TTT, ZTT, and TLT components, and (2) a spindle-shape envelope (i.e., wave packet) of the time decrease for the ZLT and LLT components, as well as for the symmetrical components, that is, the ZTL and TTL components. The highest motion has been recorded (1) on the horizontal components parallel to the POT direction, namely, the TTT (Fig. 3A) and LLL ( Fig. 3B ) components; and (2) on the vertical direction along the array parallel to the POT direction (Rayleigh waves), namely, the ZTT (Fig. 3A) and ZLL (Fig. 3B) components. Unfortunately, no information is available concerning the amplitude of the POT forces. Nevertheless, as observed on the ground velocity records, POT-T (Fig. 3A) exciting force seems to be about two times higher than the POT-L (Fig. 3B ), as especially shown on the TST11 records, for which ZTT and TTT values are 0.362 and 0.194 mm/sec, respectively, while ZLL and LLL amplitudes are 0.191 and 0.118 mm/sec, respectively (i.e., ZTT/ZLL Ϸ 1.9 and TTT/LLL Ϸ 1.7).
The TDT and LDL components are consistent with the observations, as well as the vertical ZDT and ZDL components, which shows the same wave shape independently of the POT direction. However, the TDL and LDT components seems to show an intermediate wave shape between perpendicular-and parallel-to-POT component wave shape of the SeL and SeT stations (Fig. 3) . Smaller motions were recorded along horizontal components perpendicular to the POT direction (i.e., LLT, LTT, TLL, and TTL) and along vertical component along arrays perpendicular to the POT direction (i.e., ZLT and ZTL) (Fig. 3 ). They show a wave packet with a spindle-shape envelope, also numerically observed by Guéguen (1995) and Bard et al. (1996) at distances larger than 500 m, in the case of a more realistic building model resting on a very soft soil layer. They explained it by the coupled effect between propagation and trapping of surface waves diffracted by the foundation into the topmost superficial layer. Nevertheless, since the primary energy of vibration is here provided at the top of the building, in the case of pure longitudinal or transverse excitation, components should have information only on those which are in the same direction that the POT (i.e., the LLL, ZLL, LTL, and TTT, ZTT, TLT components). Since the motion in LLT and LTT ( Fig. 3A ) and in TLL and TTL (Fig. 3B ) directions are not zero, some explanations should be looked for. It may be caused by some interaction between L and T fundamental building mode, and/or by the torsion motion. Moreover, since the steel cable is anchored at the surface close point (Fig. 1) , the vertical mode of vibration of the superstructure may be also excited. Finally, the sudden release of the force at the ground anchor may also generate waves in the ground that interfere with those radiated from the building. This is consistent with the existence of two applied forces, suddenly released, one on top of the building and another at soil surface. We observe first an impulsive wave on various recorded free-field motion, on the vertical (e.g., ZTL and ZLT) and parallel-to-POT (e.g., LLL ad TTT) components, with higher amplitude close to the anchoring point (e.g., SeT03 and SeT04, component TTT).
Time Domain Decrease and Soil-Structure Damping
The components parallel to the POT direction (i.e., the LLL, LTL, TTT, and TLT components) show a time-decrease which seems to be directly dependent on the apparent building-soil system damping ratio, f s (Fig. 3A, B ). This one can be easily defined by the free-oscillations x(t) of the buildingsoil system, which are expressed as:
s where x s is the apparent frequency of the building soil system. f s can be measured by the slope of the envelope of the function (Clough and Penzien, 1975) :
s s which leads in the present case to f s Ϸ 1.5% for the four POT (for x s ‫ס‬ 2pf s , with f s ‫ס‬ 4.9 Hz, as defined in the following part). In this sense, the time decrease observed at each SeL stations (Fig. 4) shows the same downward slope and then confirms that the building-soil system damping mainly controls the time decrease of the free-field records. Moreover, the frequency of the wave train seems also to be only dominated by the first-mode frequency, f s , of the system (Fig.  5C ). In fact, the maximal spectral amplitude (MSA), computed by FFT for the SeL and SeT stations, corresponds respectively to around 4.761 Hz and 4.944 Hz for the POT-T (Fig. 5A ) and POT-L (Fig. 5B ) of both sequences, although the induced motion from the two POT performed in the same direction varied by a factor of 2. We also note that the freeoscillation frequency differs between the T (4.761 Hz) and L (4.944 Hz) direction of the vibrations, which suppose some slight asymmetries of the structure as already mentioned by Manos et al. (1995) and Euro-Seistest (1995) . However, it may also be induced by different SSI characteristics due to soil inhomogeneity beneath the foundation. The close T and L frequencies may induce quite strong coupling effects between transverse and longitudinal modes and may then contribute to explain the spindle shape envelope of the free-field surface motion records. Strong coupling effects between horizontal and torsion response were previously observed by several authors, including Bard et al. (1992) and Trifunac et al. (1999) , which could result from inhomogeneities of the soil below the foundation. Unfortunately, no information detailed enough about soil inhomogeneity at the soil-footing interface is available to explain the dissymetry. However, this issue is not the scope of the present article.
Spatial Domain Decay
The spatial decrease of the maximal spectral amplitude (MSA), normalized with respect to the MSA of the TST11 station, is displayed in Figure 6 as function of distance r between building base and free-field sensors. Although the force amplitude, F 0 , was slightly different for each POT, as confirmed by the velocities amplitude of the TST11 station, the spatial decay of the normalized MSA values is similar for the three components of the SeL and SeT stations. During both sequences, the ZLL and ZTT components do show MSA values of the same order, from around 25% of the base motion at distance around 7-8 m (i.e., two times the building base size) to 5% at 10 times the building base size. The L and T components also provide similar observations, the MSA values being also of the same order by comparing the L to the T components, and indicate the isotropic feature of Euro-Seistest ground behavior. Despite the small size of the structure, these values are very significant. Jennings (1970) recorded ground motion also dominated by the first mode of vibration of the nine-story Millikan Library building (around 20 ‫ן‬ 22 m in plan) that had about 22% to 11% of the building base motion at around 20 and 30 m from the center of the foundation, respectively (i.e., around 9 and 18 m from the edge of the foundation, namely 1.0 and 1.5 times the building base size) with a range between 1/r and 1/r 3/2 of the spatial decay. Close to the structure, spatial decay exhibits a 1/r 2 dependence that could be related to the nearfield terms. By modeling, for a less realistic 2D SH model, Wirgin and Bard (1996) computed around 20% of the building top motion at around six times the building base size, while Guéguen (1995) and Bard et al. (1996) , for a 3D model of the Mexico City case, computed around 30% and 8% of the building base motion at around 2 times and 10 times the building base size. The ground motion observed in Volvi is therefore in satisfactory agreement with those previously observed experimentally or computed numerically.
Furthermore, the spatial decay of the MSA values also shows a slope break at around 7 m from the foundation slab (i.e., two times the building base size) on the Z component and around 10-12 meters (i.e., 3-3.5 times the building base size) on the T component (and to some degree on the L component), respectively. While at a short distance, the spatial decay is more rapid, with a decay rate close to the 1/r rate of body waves (or 1/r 2 corresponding to the near-field terms), it becomes slower at longer distances and becomes closer to the 1/r decay of surface waves, this observation being independent of the observation direction (SeL or SeT stations). Thus, the free-field records seem to provide the transition distance at which the diffracted wavefield induced by the free oscillations of the building becomes dominated by surface waves, which may be either Rayleigh waves (LL or TT) or Love waves (TL or LT).
Numerical Computation
Generalities In order to model the effects of the structure on the close free field, the soil and building properties have to be accurately known, including the soil-foundation interface. A 3DOF (Fig. 7A) has been used in a first step to simplify the numerical computation of the SSI effects. This model has been widely employed in previous studies (e.g., Jennings and Bielak, 1973; Todorovska and Trifunac, 1992; Wolf, 1985; Paolucci, 1993; Guéguen, 1995; Bard et al., 1996) . The soil is represented by a linear, isotropic, elastic, stratified half-space, and the soil-foundation system is approximated by discrete springs and dashpots, which are depending upon soil-foundation system configurations. The spring and dashpot properties must be frequency dependent (Hsieh, 1962) . As commonly defined in structural analysis, the building itself is modeled by a linear, viscous damped oscillator. Moreover, the foundation is assumed to move as a rigid body, without uplift between the base and the foundation. Recent studies (e.g., Trifunac et al., 1999) showed experimental evidence for the flexibility of a building foundation and generally focused on rocking mode (Liou and Huang, 1994) . Nevertheless, the common assumption, which considers the foundation as rigid, reduces the number of degrees of freedom of the model and gives good approximation for a long wavelength relative to the foundation dimensions (Lee, 1979) . The SSI effects of the vertical and torsional motion of the structure are considered negligible with respect to the translation and rocking (Paolucci, 1993) , as well as for the mode shapes other than the fundamental (Jennings and Bielak, 1973) .
As commonly considered in earthquake engineering studies, the soil-structure system is subjected to a seismic motion represented by only the horizontal ground motion (x g ). With such assumptions, the total motion, x t , of the building mass, m 1 , concentrated at the height H is related to (1) the horizontal displacement, x 1 , due to internal deformation; (2) the horizontal displacement, x 0 , of the base mass, m 0 , relative to the free-field motion x g ; and (3) the rotational motion of the basement (Fig. 7B) (Paolucci, 1993; Gué-guen, 1995; Bard et al., 1996) . H is interpreted as the distance from the ground surface to the centroid of the inertial forces associated with the first mode of vibration. The total horizontal motion, x t , of the structure relative to the soil is then the sum of the 3DOF (x t ‫ס‬ x 0 ‫ם‬ x 1 ‫ם‬ H 1 ), which are derived from the following classical equation of motion: . and [K] are the mass, damping, and stiffness matrix of the soil-foundation-structure system, respectively, and {p} is the centroid mass vector, such as: where J 0 is the rotational moment of inertia of the foundation, and k and c are dynamic stiffness and viscous damping ratio for the building (i ‫ס‬ 1) and for the soil-foundation system (i ‫ס‬ 0), the equilibrium equation of motion accounting for translational (j ‫ס‬ u), rotational (j ‫ס‬ h), and coupled (j ‫ס‬ uh) modes for the soil-foundation system. In case of soil-structure system subjected to an external traction force applied at the RC structure top, the horizontal and angular motions of the structure relative to the soil are then derived from equation 3 as:
This equation can be easily solved in time domain for the case of a free oscillating damped system and then give: dation structure system, and x s and f s are the circular frequency (x s ‫ס‬ 2p/T s ) and the damping ratio of the flexiblebase structure, respectively (see further). Initial conditions are derived from the position of the system just before the POT (i.e., t ‫ס‬ 0) and are obtained by applying the equilibrium formulation to the structure (mass m 1 ) and to the foundation system (mass m 0 ) for the translation and the rotation modes, such as:
For the rotation equilibrium, the effect of foundation thickness is neglected with regard to the rotation of the structure (Paolucci, 1993) .
is the horizontal component of the As aforementioned, impedance functions model the dynamic stiffness and damping characteristics and are complex valued and frequency dependent. Therefore, static stiffness may be deduced from impedance functions at null frequency (x ‫ס‬ 0), as follows:
1. The impedance function, K s , of the soil-structure system is defined as K s ‫ס‬ k s ‫ם‬ ixc s , where k s and c s are the elastic stiffness and viscous damping (proportional to the stiffness) coefficients corresponding to the fundamental mode of vibration, respectively, and are given as function of the fundamental period T s (‫2ס‬p/x s ) and the damping ratio f s of the flexible-base structure as following:
s s 2
T T s s
The static stiffness is then derived from equation (7) 
soil-structure interaction. In this study, the K j frequencydependent coefficients are provided in the handbook of impedance functions (Sieffert and Cevaer, 1992) , which reviewed all impedance functions of surface footings published in the relevant literature, so as to provide, at least in a first step, the adequate help in the majority of cases (e.g., Veletsos and Wei, 1971; Luco and Westmann, 1971; Kausel, 1974; Luco, 1974; Gazetas, 1983; Apsel and Luco, 1987) . Impedance functions are formally expressed as: mensionless impedance functions that can be interpreted as the stiffness and the viscous damping of frequencydependent spring and dashpot, respectively (Hsieh, 1962) . They are real and given in relation to the dimensionless circular frequency a 0 ‫ס‬ x R e /b, where x stands for the circular frequency of excitation, b stands for the shear-waves velocity into the soil, and R e is the equivalent radius of the footing. At null frequency (x ‫ס‬ 0), the impedance function is equivalent to the static stiffness, that is, (a 0 ) ‫ס‬ 1 and (a 0 ) ‫ס‬ 0. as a circular footing, for the translation and the rotation modes, respectively. As consequence of reciprocity theorem, the coupling terms K uh and K hu of the impedance functions are equal. They should be considered in case of deep foundations where the coupling effect could be important (Gazetas, 1991) , but remain small for surface footings in comparison with those of the diagonal terms K u and K h (Luco, 1969; Veletsos and Wei, 1969 ) and they will thus be neglected in the following.
Initial conditions are then formulated by matrix formulation as follows:
The next step is to compute the wavefield radiated into the ground from the building base. Because impedance functions are expressed in the frequency domain (equation 8), the Fourier spectral function of the 3DOF of the model are computed by the fast Fourier transform (FFT) method, such as X 1 (x) ‫ס‬ FFT(x 1 (t)), X 0 (x) ‫ס‬ FFT(x 0 (t)) and U(x) ‫ס‬ FFT((t)). Derived from the general formulation of impedance functions, linking the displacements to the forces (Sieffert and Cevaer, 1992) , the base forces developed at the soil-foundation interface are then derived from the relative motion of the foundation and are computed as follows:
where F(x) and M(x) represent the frequency-dependent horizontal base shear force and rocking moment, respectively, and where the coupling terms are again neglected. These forces are then taken as surface seismic sources, as following:
1. The shear force, F(x), is spread uniformly along the soilfoundation interface of length 2L and represented by 2n horizontal point forces f h (x i , x), with F(x)/2n amplitude and applied at the x j ‫ס‬ ‫ע‬i L/n abscises from the interface middle 2. The rocking moment, M(x), is approximated by n couples of vertical point forces f v (x i , x), with amplitude in- 
As the building motion energy is dissipated into the ground through the base forces developed beneath the foundation, and since the slab is very thin, the lateral sides play a minor role in the interaction of the embedded foundation and will be neglected in the following. The discrete distribution and values of subforces f h and f v are chosen in conformity with the elastic and rigid foundation assumptions.
The Case of Volvi
One of the advantages to use the Volvi Euro-Seistest is the very good knowledge of the characteristics of the soilstructure system. On the one hand, exhaustive geophysical and geotechnical experiments have been performed as part of the Volvi Euro-Seistest project, supplying very detailed knowledge of the surface soil layers in the vicinity of the RC structure (Table 3) . On the other hand, all the dynamic and static parameters of the RC structure have been identified to model its dynamic behavior (Table 2) . Nevertheless, the added mass placed at the building top before the POT might produce some variations of the previously defined dynamic features of the building. For this reason, some of them (as fundamental period and damping ratio) were chosen (e.g., T s ‫ס‬ 0.202 sec) to better fit the experimental observations, while the H value was chosen accounting for the sixth story (i.e., H ‫ס‬ 2/3h).
The wavefield radiated back into the soil is then computed by distributing the base shear force and rocking moment into 10-point sources (n ‫ס‬ 5), equally spaced just beneath soil-foundation interface, the intersource spacing being therefore 0.35 m. In case of 3D-modeling formulation, the shear force, F(x), and rocking moment, M(x), should be discretized and distributed over the 2D whole surface of the soil-footing interface. The comparison of the free-field motion computed with forces discretized in 1 or 2 dimensions is simultaneously shown (Fig. 8) , in case of rigid foundation, resting on a stratified half-space. F(x) and M(x) have been considered as those computed in the present case of the Volvi RC-model. Then, the discretization chosen does not influence strongly the free-field motion computed by Green's functions. There is a good coherency between both wave fields resulting from 1D or 2D discretization, namely the location of the receiver. We will therefore consider only 1D force distribution in the remainder of this article.
The intersource spacing is therefore much smaller than the shortest wavelength, that is, around 30 m in case of Volvi soil-building system (the shear-wave velocity is 130 m/sec and the building interacting frequency is around 5 Hz). Moreover, dispersion curves computed for the Volvi case (Fig. 9) show phase velocities around 200 m/sec at 5Hz, giving a wave length of 40 m, which may be considered as long relative to the foundation length (3.5 m). Therefore, for this study, the assumption that the foundation is rigid is a good approximation.
The surface motion due to the radiated wave field is computed with the modified discrete wavenumber method (Hisada, 1994 (Hisada, , 1995 . This code computes analytically the Green's functions for a viscoelastic stratified half-space, even when point sources and receivers are at very close depths.
In order to compare numerical computation results and experimental data, the radiated wave field has been computed at distances from 2 to 30 meters from building base center (i.e., 0.25 to 28.25 m from building base), each observation point separated by 2 meters. As the force amplitude was not measured, the amplitude applied at the building H F 0 top has been estimated to 1933N to better fit the data.
The L and Z components have then been computed at the observation points spread along the L branch (MoL and MoZ), while only the T component was computed along the T branch (MoT) (Fig. 10a) . All the other components are zero because of symmetry. As aforementioned, the soil structure system is submitted to the force and also to the plitude is derived from the geometrical relation (Fig. 10b) . The total computed free field is then obtained by adding the ground motion coming from the building and from the anchoring forces (Fig. 11) . The first impulse wave is well simulated and gives the same wave shape as those observed in experimental data, with higher amplitudes close to the anchoring point. But in comparison with the vibrating effect coming from the building, the impulse effect is not significant for the free-field ground motion and then, in following, anchoring forces are not considered for the numerical computation.
For sake of simplicity, only the four normalized pairs of recorded and computed traces at around 4, 10, 16, and 28 m from building center are shown (Fig. 12) , as well as the TST11 recordings.
This comparison calls for several comments. First, the numerical computation traces are in good agreement with the experimental data, especially concerning the wave shape. The time decrease is tightly related to the model damping, f s , which gives the same time duration as the experimental data (Fig. 12) . Such assumption can validate the initial parameters used for numerical computation, as well as the value, which gives almost the same velocity value of experimental data. However, with respect to the free-field experimental data, the numerical results seem to systematically overestimate the actual motion of ZLL and LLL components (i.e., MoZ and MoL) of about 50%-60%, and only of 30% for the TLT component (MoT). But, as aforementioned, the experimental POT-T force was estimated to be about two times higher than the POT-L (Fig. 3A,B) , which is in good agreement with the numerical overestimation. This is also confirmed by the spatial dependence of the numerical MSA (Fig. 13) , computed for the three components. The experimental (sequence 1) and numerical MSA values have been normalized by the maximal amplitude of the closest experimental receiver point to the source (i.e., 2 m from the building base center). First, the numerical MSA values systematically overestimate the experimental data. The latter are 60% to 30% higher than the former on the Z, L, and T components. A constant overestimation of the MSA might come either from an improper assessment of the soil parameters or from an underestimation of the actual force imposed on the building, or formally from an improper assessment of impedance functions. But we can also note that the order of magnitude is respected. Furthermore, a slope break, similar to the one observed on the spatial dependence of the experimental MSA values, is obtained at around 5 and 10 m from building base center, for the MoZ and MoT component, respectively. As for the experiment, the MoL component does not exhibit any clear slope break and the spatial decay of the MSA seems to be close to 1/r and 1/Zr, respectively.
On the other hand, the spindle shape (see Fig. 3 ) has also been modeled considering two free oscillation building directions. We computed the building motion (and the induced reaction forces F and M), as supposed forced into vibration in the longitudinal (f s ‫ס‬ 4.944 Hz) and transverse (f s ‫ס‬ 4.761 Hz) directions, each one with its own natural frequency, f s . The two induced wave trains were therefore radiated and stacked on the free-field motion (Fig. 14) , considering only the longitudinal component. A spindle-shape envelop of wave is then clearly shown, considering the observation point at 2, 4, and 10 m from the building center. This tentative model is shown here only for qualitative information, but for the numerical modeling, we consider a POT force ratio of 2 between the in the longitudinal and H F 0 the transverse direction, as suspected with the experimental data. The coupling between translational and longitudinal modes of structure is then quite strong because of their very close soil-structure system frequencies, which also contribute to the spindle-shape waves.
Conclusion and Discussion
The potential importance of building effects on ground motion is confirmed by the present experimental and numerical results. On the one hand, the radiated wave train generated by the RC-model vibration test seems tightly linked to the structural characteristics. While the frequency content is dependent on the soil-structure system frequency up to 30 m, the time decrease may be affected more by the building mass and height than by the structural damping ratio (Todorovska and Trifunac, 1992) , as consequence of the quite soft soil of the Volvi test site. The flexible-base building is characterised by a fundamental frequency (f s ) around 5 Hz and a damping ratio (f s ) around 1.5%. The low S-wave velocity, b, of the uppermost layer allows us to assume that the fixed-base frequency (f 1 ) should be higher, as a consequence of SSI effects (e.g., Stewart et al., 1999a) . On the other hand, despite the small size of the Volvi RC model and of its surface footing, the free oscillations of the structure have been recorded at distances up to 30 m. At twice and ten times the building base size, the distant ground motion corresponds to around 25% and 5% of the base motion. The same values (around 10% and 3% at around two and ten times the base size for 3D model) have already been computed in recent numerical studies (Guéguen, 1995; . Because of the dense temporary array installed in Figure 15 . Transfer function of the Volvi site, computed with the soil characteristics shown in Table  3 . The thick open narrow represents the position of the soil-structure system frequency, f s , of the Volvi RC model. the longitudinal direction, with about 2m interstation distances, the MSA spatial decay has been precisely defined. It lies in the range between 1/r and 1/Zr, while Jennings (1970) reported a range between 1/r and 1/r 3/2 of the spatial decay, observed on the free field during a building vibration test. A 1/r-to-1/Zr slope break has been then clearly observed on the MSA decrease. This break distance could be therefore associated to the transition distance between predominant body and surface waves.
On the other hand, Bard et al. (1996) showed that the effects of the structure are highest when the soil-structure system frequency is close to the fundamental or to the first harmonic frequency of the ground. This particularity was also reported by Erlingsson and Bodare (1996) during the two rock music concerts in the Ullevi stadium, as well as by Kanamori et al. (1991) during the re-entry into the atmosphere of the space shuttle Columbia. The proximity of the natural frequency of the Los Angeles Basin and the downtown building frequency enabled a very efficient radiation into the ground. This was not the case for this experimentation, for which there was discrepancy between soil-structure system frequency and the fundamental frequency of soil (0.7 Hz) (Fig. 15) ; this leads us to anticipate higher effects for more favorable configurations. Guéguen (1995) and Bard et al. (1996) also underlined the coupling phenomenon between soil-structure interaction and trapping of surface waves into the topmost soft layers, which might generate wave packets with a spindle-shape envelope in the surface motion up to several hundred meters. However, the spindleshape envelope observed in Volvi seems to be the consequence of the stacking of two main radiated wave field, generated by the transverse and the longitudinal building vibrations (each one with its own natural frequency), also favored by the nearly identical fundamental frequencies of the structure. Even if the value of the pull-out force used for the numerical computation seems to overestimate the experimental one, the computed results fit very well the experimental data, from a qualitative but also from a so-called relative quantitative point of view, the decay of the induced wavefield being respected.
The acceleration at the building top has been obtained from x t (i.e., x t ‫ס‬ x 1 ‫ם‬ x 0 ‫ם‬ H/) by two derivations of the motion computed at top (i.e., Ẍ t (x) ‫ס‬ ‫מ‬x 2 X t (x)) and estimated equal to 10 ‫2מ‬ g, which represents an equivalent shear stress P applied at the building base equal to m ẍ 1 t P ‫ס‬ , 4BL that is, around 50 N/m 2 . In case of more realistic building (height H ‫ס‬ 20 m) submitted to a seismic accelerationx t equal to 0.2g, the equivalent shear stress expected at the building base is estimated by P ‫ס‬ q eq H , where q eq corx t responds to the equivalent density of the building. In this case, we consider q eq equal to 300 kg/m 3 and then P equal to 1.2 10 4 N/m 2 , that is, 240 times higher than in the Volvi case: this leads us to anticipate higher amplitude of the induced radiated wavefield (e.g., around 2 to 5 mm/sec at 30 m, i.e., corresponding to about 6 to 15 gals under linear assumptions). Linear assumption is validated by previous studies conducted at the Volvi test site (Euro-Seistest, 1995 , Manos et al., 1995 , which showed identical responses of the structure by small earthquakes, ambient noise, or POT. Thus, these new results confirm that, in a few cases at least, the structure may significantly modify the ground motion at some distance from buildings, especially for configurations where soil and structure have close natural frequencies. Such a phenomenon, extrapolated for densely urbanized areas built on very soft soil, allows the anticipation of a significant increase in ground-motion duration, with amplitude levels that may be increased or decreased depending on the exact location of buildings, their characteristics, and the site location, because of the very complex wavefield that may generate constructive as well as destructive interferences. Since the effects of SSI on recorded freefield motion have to account also for scattering of incident waves from the foundation, which also contribute to modification and amplification of recorded free-field motion (e.g., Trifunac, 1972; Wong and Trifunac, 1975) , the results shown in this article give a lower-bound estimation. Then, the full SSI effect (including scattering) may be even more significant.
In some case of seismic risk projects, the buildings may thus be taken into account not only as victims of the seismic event but also as part of the seismic hazard because they may modify seismic ground motion. Future tests with oneto-one scale building structures and instrumentation of a real building including a network in neighboring sites should be performed in order to validate the present qualitative and quantitative findings.
